INTRODUCTION {#S1}
============

Inositol polyphosphate 4-phosphatase type II (INPP4B) has been identified as a tumor suppressor in ovarian, breast, thyroid, bladder, and prostate cancers ([@R1]--[@R5]). INPP4B functions as a dual specificity phosphatase, capable of dephosphorylation of both lipid and protein substrates similar to phosphatase and tensin homolog deleted on chromosome 10 (PTEN) ([@R6]). Remarkably, both PTEN and INPP4B are lost in nearly half of all metastatic prostate cancers ([@R7]).

Substrates for INPP4B lipid phosphatase activity are PI([@R3],[@R4])P2, PI([@R4],[@R5])P2, Ins([@R1],[@R3],[@R4])P3 ([@R8], [@R9]), and PI([@R3],[@R4],[@R5])P3 ([@R8]). Both PI([@R3],[@R4],[@R5])P3 and PI([@R3],[@R4])P2 bind pleckstrin-homology domain of Akt facilitating survival, migration, and invasion of prostate cancer cells ([@R10], [@R11]). We and others have shown that INPP4B suppresses Akt signaling ([@R2], [@R3], [@R8]). PI([@R4],[@R5])P2 is hydrolyzed by phospholipase C (PLC) into inositol triphosphate and diacylglycerol (DAG) which activates both conventional (α,β,γ) and novel (ε,δ,η,θ) kinases of the PKC family ([@R12]--[@R14]). The atypical PKC isoforms (ζ and ι/λ) are activated by lipid membrane components other than DAG ([@R15]). Protein levels of PKC α, ε, ζ are increased in prostate and other cancers ([@R16]). We have previously shown that INPP4B suppresses PKC signaling in prostate cancer cells ([@R9]).

The activation of the androgen receptor (AR) is essential for prostate development and for the initiation and progression of prostate cancer ([@R17], [@R18]). With prostate cancer progression the AR transcriptional profile changes from one of differentiation to proliferation ([@R3]). This change is due, in part, to the expression of splice variants of AR, the activation of cell signaling pathways, and posttranslational modifications of AR. AR splice variants lack ligand binding domains and are constitutively active ([@R19]) and confer resistance to androgen deprivation therapy ([@R20]--[@R22]). Activated Akt binds and phosphorylates AR on S213 and S791 ([@R23]--[@R25]). Phosphorylation of these sites affects AR activity in a cell specific manner ([@R23], [@R24]). In mice, a prostate specific *Pten*^*−/−*^ knockout leads to Akt activation and a near complete loss of the AR protein, which is partially reversed by treatment with Akt inhibitors ([@R26]). PKC was reported to phosphorylate AR on S578 increasing AR transcriptional activity and regulating its turnover ([@R27]). In addition, PKC directly phosphorylates Ack1 and Src which phosphorylate Y267 and Y534 in both full length AR and AR-V7, which stimulates their nuclear translocation and transcriptional activity ([@R28]--[@R30]). In mouse models, overexpression of PKCε stabilizes the AR protein and leads to prostate hyperplasia and intraepithelial neoplasia ([@R31], [@R32]).

In this report we investigated whether INPP4B modulates transcriptional activity and turnover of full length AR, and the AR splice variant, AR-V7. Unlike full length AR, AR-V7 was unable to induce INPP4B gene expression and did not bind to major regulatory regions in the *INPP4B* locus that are bound by full length AR. Loss of INPP4B significantly altered a subset of AR, as well as AR-V7 target genes, without altering AR protein levels. We showed that INPP4B suppresses Akt and PKC signaling in independently derived prostate cancer cell lines. Using Akt and PKC specific inhibitors to mimic INPP4B expression we determined that some changes in AR target gene expression are mediated by Akt and PKC. Similar to our observations in human prostate cancer cell lines, induction of prostate specific AR target genes was reduced in *Inpp4b*^***−/−***^ mice. In the prostate, *Inpp4b* knockout mice expressed similar levels of AR, PTEN, and p-PTEN when compared to their wild-type (WT) age-matched controls. Interestingly, the *Inpp4b* knockout mice displayed increased activity of Akt, PKCζ and PKCβII in the prostate, as indicated by increased phosphorylation levels. Our data indicate that INPP4B suppresses Akt and PKC signaling pathways and modulates AR transcriptional output in human and mouse models of prostate cancer.

RESULTS {#S2}
=======

Loss of INPP4B changes AR transcriptional output. {#S3}
-------------------------------------------------

INPP4B depletion accelerates LNCaP cell proliferation, an androgen dependent feature of this prostate cancer cell line. To determine whether INPP4B modulates AR transcriptional activity we performed gene expression microarray analysis. Endogenous INPP4B is generally localized to the cell membrane and cytoplasm ([Figure 1A](#F1){ref-type="fig"}), while AR shuttles between the cytoplasm and nucleus ([@R33]). Forty eight hours after knockdown INPP4B protein levels were nearly undetectable while AR protein levels were unchanged ([Figure 1B](#F1){ref-type="fig"}). We chose this time point to evaluate changes in transcript levels using Affymetrix microarrays ([Supplemental Figure 1A](#SD4){ref-type="supplementary-material"}). To determine whether INPP4B regulates AR target genes, we compared AR target genes in LNCaP cells ([@R34]) to genes regulated by INPP4B. Expression of a subset of AR target genes was significantly affected by the knockdown of INPP4B ([Figure 1C](#F1){ref-type="fig"}). To confirm INPP4B regulation of AR transcriptional activity we used gene set enrichment analysis (GSEA). An AR signature, created using our previously reported microarrays, GSE60721 ([@R34]) ([Supplemental Table 2](#SD2){ref-type="supplementary-material"}), was significantly represented among INPP4B regulated genes (Normalized Enrichment Score 1.84, p \< 0.001) ([Figure 1D](#F1){ref-type="fig"}). We next investigated whether INPP4B expression correlates with AR mRNA levels and the AR signature in prostate cancer patients. In both the Taylor and TCGA cohorts there were statistically significant positive correlations between INPP4B and both AR mRNA and two AR signatures, Nelson and Hieronymus. A weak but significant positive correlation was observed between INPP4B and PTEN mRNA levels in the TCGA and Taylor cohorts ([Supplemental Figure 1B](#SD4){ref-type="supplementary-material"}). To determine whether INPP4B regulates basal or androgen dependent gene expression, we knocked down INPP4B, treated cells with vehicle or 0.1 nM R1881, and compared the expression of three AR induced genes and three AR repressed genes in LNCaP cells; *TARP*, *TMPRSS2*, *NNMT*, *SYTL2*, *PLA2G2A*, and *KIAA1324* ([Supplemental Figures 2A and 2B](#SD4){ref-type="supplementary-material"}). Both induction and repression of these genes were reduced after INPP4B knockdown in medium supplemented with FBS ([Supplemental Figure 2C, 2D](#SD4){ref-type="supplementary-material"}). Following INPP4B knockdown ([Figure 1E](#F1){ref-type="fig"}), AR dependent repression of *KIAA1324* and *SYTL2* was abolished (Figures [1F](#F1){ref-type="fig"} - [1G](#F1){ref-type="fig"}). While both basal and R1881-dependent induction of *TARP*, *TMPRSS2,* and *PSA* were reduced, fold induction of *NNMT* was increased by INPP4B loss (Figures [1H](#F1){ref-type="fig"} -- [1K](#F1){ref-type="fig"}).

Reciprocal regulation of AR-V7 and INPP4B. {#S4}
------------------------------------------

We have previously shown that INPP4B expression is stimulated by androgens in LNCaP and VCaP cell lines, and in primary prostate cancer patient derived xenografts ([@R3], [@R9]). While androgen withdrawal reduced INPP4B levels in LNCaP and C4--2 cells, the addition of casodex or enzalutamide (MDV3100) to charcoal stripped serum did not further reduce INPP4B expression in these cell lines ([Supplemental Figure 2E](#SD4){ref-type="supplementary-material"}). Conversely, androgen independent AR activity in the castration resistant cell line LNCaP-abl did not induce INPP4B expression (GSE39452) ([@R35]) suggesting a strict androgen dependence of INPP4B expression. We used the LNCaP^AR-V7/pHAGE^ cell line, which expresses an inducible AR-V7 variant ([@R36]), to test whether AR-V7 is able to upregulate expression of endogenous INPP4B. Full length AR induced endogenous INPP4B expressed in an androgen-dependent manner ([Figure 2A](#F2){ref-type="fig"}), while AR-V7 suppressed INPP4B expression on both protein ([Figure 2A](#F2){ref-type="fig"}, lanes 5 and 6) and mRNA levels ([Figure 2B](#F2){ref-type="fig"}, bars 1 and 2). Expression of AR-V7 in LNCaP^AR-V7/pHAGE^, increased phosphorylation of Akt and PKCβII ([Figure 2A](#F2){ref-type="fig"}). As seen from [Figure 2C](#F2){ref-type="fig"}, INPP4B knockdown significantly decreased the induction of *EDN2*, an AR-V7 specific target gene ([@R36]). These results suggest that INPP4B modulates AR-V7 transcriptional activity and that, unlike full-length AR, AR-V7 is unable to induce INPP4B expression. INPP4B knockdown reduced basal transcription of *NNMT* and *PSA* without changing the ability of AR-V7 to induce its expression ([Figure 2D-E](#F2){ref-type="fig"}). Both basal and AR-V7 dependent regulation of *TARP, TMPRSS2, KIAA1324,* and *SYTL2* required INPP4B expression (Figures [2F-I](#F2){ref-type="fig"}).

Differential regulation of INPP4B expression by full length AR and AR-V7. {#S5}
-------------------------------------------------------------------------

FOXA1 is a pioneer factor for many AR regulated genes. FOXA1 depletion studies have shown that while some AR regulated genes are insensitive to FOXA1 expression, others require FOXA1 for AR mediated regulation and still others are regulated by AR only when FOXA1 is depleted ([@R37], [@R38]). Many androgen regulated genes in LNCaP cells have overlapping AR and FOXA1 binding sites within their regulatory regions ([@R39]). AR binding to FOXA1 requires the complete hinge region of AR that is not present in AR-V7, suggesting that AR-V7 does not have the ability to induce genes requiring direct FOXA1/AR interactions. Consistent with this, a previous study showed that AR-V7 does not induce RASSF3 or EXTL2, two genes that are regulated by AR only in the presence of FOXA1 ([@R36], [@R40], [@R41]). Analyses of publicly available data sets show that AR binds to several sites in the INPP4B gene where FOXA1 also binds. To test whether FOXA1 is required for INPP4B induction, LNCaP^AR-V7/pHAGE^ cells were treated with control or FOXA1 siRNA followed by treatment with R1881 or doxycycline to induce AR-V7. As shown in [Fig 3A](#F3){ref-type="fig"}, FOXA1 was depleted by the siRNA treatment. Depletion of FOXA1 had no effect on either AR isoform's ability to induce *FKBP5* expression ([Figure 3B](#F3){ref-type="fig"}), but blocked hormone dependent induction of *RASSF3* ([Figure 3C](#F3){ref-type="fig"}) as expected. Only the full length AR induced *INPP4B* expression, and this induction was effectively eliminated with FOXA1 knockdown (Figures [2B](#F2){ref-type="fig"} and[3D](#F3){ref-type="fig"}). To determine whether AR-V7 could bind to the AR binding sites in INPP4B ([Figure 3E](#F3){ref-type="fig"}), ChIP assays were performed utilizing antibodies against AR and AR-V7. We confirmed the recruitment of both receptors to the PSA enhancer and to the previously reported sites within the INPP4B enhancer and intron 2 (Figures [3F-H](#F3){ref-type="fig"}) ([@R3], [@R42]). Remarkably, no AR-V7 recruitment was detected at the INPP4B transcription start site or the 5.5 Kb downstream site that feature AR/FOXA1 overlapping binding sites (Figures [3I-J](#F3){ref-type="fig"}).

INPP4B regulates the AR transcriptome via inhibition of PI3K/Akt and PKC signaling pathways. {#S6}
--------------------------------------------------------------------------------------------

Based on the disparate spatial distribution of INPP4B and AR, we tested whether INPP4B regulation of the AR transcriptome includes intermediate signaling pathways. We and others have reported that INPP4B suppresses phosphorylation of Akt ([@R1]--[@R3], [@R43], [@R44]) and PKC ([@R9]). As seen in [Figure 4A](#F4){ref-type="fig"}, knockdown of INPP4B but not PTEN, increased phosphorylation of PKCζ on T410 by 1.84 ± 0.19 fold and PKCβII on S660 by 1.70 ± 0.04 fold in the androgen sensitive VCaP cell line, which expresses INPP4B and PTEN. In LNCaP cells, pPKCζ and pPKCβII were increased 2.52 ± 0.77 fold and 2.23 ± 0.09 fold, respectively ([Figure 4B](#F4){ref-type="fig"}). In C4--2 cells, INPP4B knockdown upregulated phosphorylation levels of PKCζ by 1.89 ± 0.30 fold ([Figure 4C](#F4){ref-type="fig"}). pAkt levels were increased 48 hours after INPP4B knockdown in LNCaP and C4--2 cell lines ([Figure 4B-C](#F4){ref-type="fig"}). We next tested whether Akt and PKC specific inhibitors would phenocopy the effects of INPP4B transcriptional regulation ([Supplemental Figure 2C-D](#SD4){ref-type="supplementary-material"}). AZD5363 and bisindolymaleimide I (BIM-I) were used to test whether INPP4B regulates AR transcriptional activity through the Akt and PKC pathways, respectively. The inhibitor activity was confirmed by decreased phosphorylation of the downstream target S6 protein ([Figure 4D](#F4){ref-type="fig"}). *PLA2G2A* mRNA was reduced following BIM-I or AZD5363 treatment while expression of *KIAA1324* was decreased by the PKC inhibitor (Figures [4E-F](#F4){ref-type="fig"}). AZD5363 increased expression of *TARP* and *NNMT*, as did INPP4B (Figures [4G-H](#F4){ref-type="fig"}). However, the lack of concordant regulation of *TMPRSS2* and *SYTL2* (Figures [4I-J](#F4){ref-type="fig"}) suggests additional Akt and PKC independent modes for INPP4B regulation of AR activity.

INPP4B signaling in the normal mouse prostate. {#S7}
----------------------------------------------

To investigate the function of INPP4B in the normal prostate we used an *Inpp4b*^−/−^ mouse model with deletion of exon 11 ([@R45]) which results in a frame shift at codon 213 and the generation of a stop signal at codon 217 ([Supplemental Figure 3E](#SD4){ref-type="supplementary-material"}). As expected, no expression of INPP4B was detected in the prostates of *Inpp4b*^−/−^ mice and immunohistochemical analysis confirmed the lack of INPP4B protein in prostate epithelial cells (Figures [5A--5B](#F5){ref-type="fig"}). Mutant male mice were fertile and displayed no difference in body, prostate, and testis weights ([Supplemental Figures 3A-3C](#SD4){ref-type="supplementary-material"}). The ratio of seminal vesicles versus body weight showed a modest but statistically significant increase in *Inpp4b*^*−/−*^ mice compared to age-matched WT males ([Supplemental Figure 3D](#SD4){ref-type="supplementary-material"}).

Consistent with our observations in prostate cancer cell lines, AR mRNA and protein levels did not change in *Inpp4b*^−/−^ mouse prostates compared to those of the WT mice (Figures [5C-E](#F5){ref-type="fig"}). Anterior (AP), dorsolateral (DLP), and ventral (VP) prostate lobes of WT and *Inpp4b*^***−/−***^ mice had similar expression of AR protein (Figures [5D-E](#F5){ref-type="fig"}). We observed an increase of pPKCβII (3.98 fold ± 1.01) and pPKCζ (2.83 fold ± 0.39) in the AP and an increase of pPKCβII (2.11 fold ± 0.24) and pPKCζ (2.28 fold ± 0.26) in the DLP of *Inpp4b*^−/−^ mice compared to the WT controls ([Figure 5E](#F5){ref-type="fig"}). An increase in pAkt levels in the DLP (1.52 fold ± 0.08) and VP (1.51 fold ± 0.20) occurred without changes in PTEN protein amounts or phosphorylation levels ([Figure 5E](#F5){ref-type="fig"}).

INPP4B regulates AR transcriptional activity in normal mouse prostate. {#S8}
----------------------------------------------------------------------

To investigate whether INPP4B modulates AR target gene expression, we selected three genes strongly induced by AR and three genes regulated by PTEN in the mouse prostate ([@R26], [@R46]). In previous reports, DHT supplementation of castrated mice significantly induced *Msmb*, *Apof*, and *Nkx3.1* ([@R46]). We show here that INPP4B is required for their optimal expression (Figures [6A-C](#F6){ref-type="fig"}). Expression of *Pten*, and the AR and PTEN-regulated genes *Pbsn* and *Clu*, was similar in the prostates of WT and *Inpp4b*^−/−^ males (Figures [6D-E](#F6){ref-type="fig"}). The lack of INPP4B led to histological abnormalities in the prostates of aged mice. Compared to the one year old WT males ([Figure 6G](#F6){ref-type="fig"}), age-matched *Inpp4b*^−/−^ mice displayed significant alterations in prostate gland histology including tufting of the secretory epithelial layer ([Figure 6H](#F6){ref-type="fig"}), micropapillary structures lacking fibrovascular core ([Figure 6I](#F6){ref-type="fig"}), and cribriform formations ([Figure 6J](#F6){ref-type="fig"}). Interestingly, *Pten* knockout in the mouse prostate did not alter INPP4B mRNA levels in two independent microarray profiles ([Supplemental Figure 3F](#SD4){ref-type="supplementary-material"}). This data suggests that the observed INPP4B-dependent changes are due specifically to the loss of INPP4B, as the levels of total and phosphorylated PTEN did not change.

Discussion: {#S9}
===========

We have previously reported that a decline in INPP4B protein level occurs in primary prostate cancer, and the progressive loss of INPP4B is correlated with biochemical recurrence of the disease ([@R3]). Thus, we investigated how the loss of INPP4B affects AR signaling in prostate cancer cell lines, mouse models, and patient gene expression analysis.

In LNCaP cells, INPP4B knockdown modulated the ability of AR to activate and repress target genes (Figures [1F](#F1){ref-type="fig"} -- [1K](#F1){ref-type="fig"}). Supporting this observation, the AR transcriptional signature is significantly represented among genes regulated by INPP4B in the LNCaP cell line ([Figure 1D](#F1){ref-type="fig"}). Importantly, statistically significant correlations between INPP4B expression and AR mRNA levels and transcriptional output were observed in both the TCGA and Taylor cohorts. While it is well established that PTEN regulates AR transcriptional output in prostate cancer, INPP4B correlations with AR signatures were stronger than those of PTEN ([Supplemental Figure 1B](#SD4){ref-type="supplementary-material"}) in both cohorts.

The loss of INPP4B and expression of AR splice variants occurs most frequently in the advanced stages of prostate cancer ([@R7], [@R47]). We used a well characterized LNCaP^AR-V7/pHAGE^ cell line which retains endogenous full length AR and INPP4B expression and signaling to investigate the reciprocal regulation of INPP4B and AR-V7 ([@R36], [@R48]). Consistent with its oncogenic function, AR-V7 is unable to induce expression of the tumor suppressor INPP4B and may in fact reduce INPP4B expression (Figures [2A](#F2){ref-type="fig"} and[2B](#F2){ref-type="fig"}). This could be explained by concordant regulation of INPP4B expression by AR and FOXA1 ([Figure 3D](#F3){ref-type="fig"}). Similar to a previous report ([@R36]), AR-V7 failed to bind overlapping AR/FOXA1 sites at the INPP4B transcription start site or at intragenic regulatory regions that activate INPP4B transcription (Figures [3E](#F3){ref-type="fig"}, [3I](#F3){ref-type="fig"} -- [3J](#F3){ref-type="fig"}). INPP4B however, retains its ability to regulate AR-V7 transcriptional activity (Figures [2C](#F2){ref-type="fig"} -- [2H](#F2){ref-type="fig"}).

While AR shuttles between the nucleus and the cytoplasm in both a ligand dependent and independent manner ([@R33], [@R49]), INPP4B localizes mostly to cytoplasmic and membrane compartments ([@R1], [@R9]). This localization could be due in part to the INPP4B C2 domain that binds phosphatidylinositol polyphosphates, a lipid component of cellular membranes ([@R50]). Similar to observations in mammary epithelium and PC3 cells ([@R1], [@R9]), INPP4B shows focal cytoplasmic localization in LNCaP cells ([Figure 1A](#F1){ref-type="fig"}). Membranes contain the INPP4B lipid substrates PI([@R3],[@R4])P2 and PI([@R4],[@R5])P2 which activate Akt and PKC respectively. Activation of PKC has been linked to AR phosphorylation and prostate cancer progression ([@R16], [@R51], [@R52]) and was shown to regulate angiogenesis, apoptosis, cell proliferation, invasion, and metastasis ([@R51], [@R53]--[@R55]). The PI3K/Akt signaling pathway is activated in nearly half of all primary prostate tumors and in all metastatic prostate tumors ([@R7]). Akt and PKC play essential roles in the regulation of activities, stabilities, and cellular localization of both full-length ([@R24], [@R26], [@R28], [@R56]) and splice variants of AR ([@R30], [@R57], [@R58]), as well as AR coregulators ([@R59]--[@R61]). Importantly, increased levels of Y267, Y534, and S578 phosphorylation correlate with resistance to castration therapies in prostate cancer patients ([@R27], [@R29], [@R52], [@R62], [@R63]). Since INPP4B suppresses Akt and PKC phosphorylation in multiple cell lines (Figures [4A](#F4){ref-type="fig"} -- [4C](#F4){ref-type="fig"}), we reasoned that if treatment with an inhibitor mimicked the effect of INPP4B on gene expression, the corresponding kinase might contribute to the INPP4B regulation of AR transcriptional activity. As seen from Figures [4E](#F4){ref-type="fig"} -- [4F](#F4){ref-type="fig"}, expression of *PLA2G2A* was lower in the presence of INPP4B. BIM-I and AZD5363 decreased expression of *PLA2G2A* implicating both PKC and Akt in the regulation of this gene. Only PKC contributed to the repression of *KIAA1324*. Both INPP4B and AZD5363 treatment increased expression of *TARP* and *NNMT* (Figures [4G-H](#F4){ref-type="fig"}) suggesting that Akt mediates INPP4B-dependent induction of these genes. However, INPP4B regulation of *SYTL2* and *TMPRSS2* were due to mechanisms other than inhibition of PKC and PI3K/Akt signaling. This could be attributed to INPP4B protein phosphatase ([@R43], [@R44]) or other activities. We have previously shown that INPP4B can dephosphorylate Akt on Y residues ([@R44]) two of which,Y176 and Y284, positively correlate with prostate cancer progression and inversely correlate with patient survival ([@R63]), suggesting a role for INPP4B protein phosphatase activity in prostate cancer progression.

In order to validate the INPP4B regulation of AR activity *in vivo* we used an *Inpp4b* knockout mouse ([@R45]). Deletion of exon 11 in this model causes a frame shift leading to the addition of four amino acids after Ala 212 and protein truncation ([Supplemental Figure 3E](#SD4){ref-type="supplementary-material"}). Male *Inpp4b*^*−/−*^ mice are fertile and their prostates are histologically normal at 11 weeks of age (Figure [5A](#F5){ref-type="fig"} and[5D](#F5){ref-type="fig"}). Similar to our observations in prostate cancer cell lines, the loss of INPP4B changed neither the mRNA or protein levels of AR (Figures [5C--5E](#F5){ref-type="fig"}). However, INPP4B regulates AR transcriptional activity in mouse prostates. Similar to PTEN ([@R26], [@R64]), *Inpp4b* knockout reduced expression of *Apof*, *Nkx3.1*, and *Msmb* mRNAs ([Figure 6A-C](#F6){ref-type="fig"}). In contrast to the prostate specific *Pten* knockouts ([@R65], [@R66]), we observed no decline in *Pbsn* or increase in *Clu* mRNA levels in *Inpp4b*^***−/−***^ prostates ([Figure 6E-F](#F6){ref-type="fig"}). A significant increase of pAkt in the dorsolateral and ventral prostate lobes, and increased pPKCζ and PKCβII in the anterior and dorsolateral prostate lobes of *Inpp4b*^***−/−***^, compared to age-matched WT males was consistently observed ([Figure 5E](#F5){ref-type="fig"}). Of note, the dorsolateral lobe of the mouse prostate is considered a functional model for the peripheral zone of the human prostate, the site of origin for most prostate cancers. The cumulative changes in AR activity and cell signaling pathways lead to histological abnormalities in aged mice (Figures [6G](#F6){ref-type="fig"} -- [6J](#F6){ref-type="fig"}). Since levels of total and phospho-Pten S380 remained the same, PTEN was unlikely to have contributed to these changes. Thus, differential regulation of AR target genes and AR protein levels signifies divergent functions for INPP4B and PTEN in the prostate epithelium.

Using the observations from both the human and mouse models we propose that castration therapy first initiates a decline in INPP4B expression. The loss of INPP4B protein activates the Akt and PKC signaling pathways to induce the reprogramming of full length AR and AR splice variants, which ultimately leads to the resistance of castration therapies ([Figure 7](#F7){ref-type="fig"}). INPP4B is lost at a higher rate than PTEN during prostate cancer progression ([@R7]) and its loss is a strong predictor of disease recurrence ([@R3]). Our data indicates that tumors lacking INPP4B use different mechanisms of progression than tumors featuring PTEN loss and that these patients may require a different course of treatment.

Materials and Methods {#S10}
=====================

Cell culture and reagents {#S11}
-------------------------

The human prostatic carcinoma cell lines, LNCaP and VCaP, were purchased from ATCC (Manassas, VA) and maintained under ATCC-recommended conditions. C4--2 cells were obtained from UroCor (Oklahoma City, OK) and maintained in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS). All experiments were performed during first 6 passages after purchasing cell lines from ATCC. FBS and charcoal stripped serum (CSS) were purchased from Sigma-Aldrich (St. Louis, MO). LNCaP^AR-V7/pHAGE^ maintenance was described previously ([@R36]). Tetracycline-screened FBS (TET FBS) was purchased from GE Healthcare (Chicago, IL) and geneticin from Thermo Fisher Scientific. R1881 was purchased from Perkin Elmer (Waltham, MA), AZD5363 from Selleckchem (Houston, TX), and BIM-I from AdipoGen (San Diego, CA).

Immunofluorescence {#S12}
------------------

LNCaP cells were grown on etched coverslips and fixed and processed as previously described ([@R9]). Fixed cells were incubated with INPP4B primary antibody (Cell Signaling, Danvers, MA) at 1:1000 dilution in 4°C overnight and Alexa Fluor conjugated anti-rabbit secondary antibody (Thermo Fisher Scientific) at 1:1000 dilution at 4°C for 1 hour. Cells were counterstained with DAPI (Sigma) and visualized using Axio Imager 2 (Zeiss, ST Petersburg, FL). Three dimensional rendering was performed using AxioVision LE software (Zeiss).

siRNA transfections {#S13}
-------------------

Noncoding control, INPP4B, PTEN, and FOXA1 siRNAs were transfected at 50--100 pmol siRNA per well in 6 well cell culture plate using Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific) as recommended by the manufacturer. All siRNAs used in this manuscript are listed in [Supplemental Table 3](#SD3){ref-type="supplementary-material"}.

Microarray Analysis {#S14}
-------------------

LNCaP cells were transfected with noncoding control (n=4) or INPP4B specific (n=4) siRNAs. Forty eight hours later, RNA was extracted using Tri reagent (Molecular Research Center, Cincinnati, OH),and analyzed using the Illumina Human HT-12v4 expression Beadchip platform exactly as described in our previous publication ([@R9]). Gene expression data were deposited into GEO repository, series number GSE111725.

Gene Set Enrichment Analysis (GSEA) {#S15}
-----------------------------------

GSEA analysis was performed using JAVA program <http://software.broadinstitute.org/gsea> as previously described ([@R34], [@R67]). AR signature ([Supplemental Table 2](#SD2){ref-type="supplementary-material"}) was generated from LNCaP which includes 422 genes significantly changed (p\<0.01) after 48 hours of DHT treatment (GSE60721) ([@R34]).

Correlation with published AR signatures and key genes in prostate cancer cohorts {#S16}
---------------------------------------------------------------------------------

Previously published signatures of prostate cancer cells transcriptional response to androgen were derived from the Gene Expression Omnibus (GEO), termed Hyeronimus and Nelson AR signatures ([@R68], [@R69]). We downloaded gene expression datasets from multiple previously reported human prostate cancer specimen cohorts: Taylor et al. ([@R7]), and The Cancer Genome Atlas (TCGA) ([@R70]). Within each dataset, we utilized the expression of each gene to calculate its respective z-score for each sample, relative to the normal prostate gland specimens available in that cohort. For each of two published androgen-induced signatures, Nelson and Hieronymus, we computed the sum z-score for each sample (the z-scores of downregulated genes were subtracted from the z-scores of upregulated genes), as described previously ([@R7]). Finally, for each pair of genes or signatures we computed the Pearson Correlation Coefficient R and associated p-value using the R statistical system.

Western blotting {#S17}
----------------

Proteins were extracted from cultured cells as previously described ([@R9]). Mouse prostate tissues from 3 animals were pooled and homogenized in ice-cold RIPA buffer with protease and phosphatase inhibitors. Cleared lysates were diluted to 4μg/μl and 10--25 μg of protein was resolved on SDS-PAGE. Primary antibodies against INPP4B (Cell Signaling, \#8450), AR (Santa Cruz Biotechnology, Dallas, TX, sc-816), pAkt S473 (Cell Signaling, \#4051), pPKCζ T410 (Cell Signaling, \#2060), pPKCβII S660 (Cell Signaling, \#9371, 1:1000), PTEN (Cell Signaling, \#9188), total Akt (Cell Signaling, \#4691), pS6 S235/236 (Cell Signaling, \#2211), p44/42 MAPK (Cell Signaling, \#4370) and β-tubulin (Millipore Sigma, \#05--661) were used to compare protein levels. Signal was captured by Gel Logic 2000 imaging system with Carestream Molecular Imaging software (Carestream, Rochester, NY).

Gene expression analysis. {#S18}
-------------------------

RNA was prepared from prostate cancer cells or mouse prostates using Tri Reagent (Molecular Research Center) and reverse transcribed using Verso cDNA synthesis Kit (Thermo Fisher Scientific) or AmfiRivert cDNA Synthesis kit (GenDEPOT, Katy, TX). cDNA was used as a template for Real Time PCR using primers and probes from Universal ProbeLibrary ([Supplemental Table 1](#SD1){ref-type="supplementary-material"}) (Roche, Basel, Switzerland) and Roche 480 LightCycler (Roche) or StepOnePlus™ Real-Time PCR System (ThermoFisher). For cell lines, three or more independent experiments were performed and representative experiment is shown. In each experimental point an average of 3 biological replicates, standard error of the mean, and p value calculated by T test are shown. For animal tissues, WT group contained 11 animals and *Inpp4b*^*−/−*^ group contained 12 animals.

**Chromatin immunoprecipitation assay**. {#S19}
----------------------------------------

ChIP assays were performed exactly as previously described ([@R71]). Cell lysates were incubated with 5 μg AR-FL antibody (Millipore \#06--680), 5 μg AR-V7 antibody (Cell Signaling \#68492) or 5 μg rabbit anti-mouse Igg (Santa Cruz sc2027) respectively. The AR and AR-V7 recruitment were measured by qPCR using the primers and probes listed in [Supplemental Table 1](#SD1){ref-type="supplementary-material"}.

Animal Studies {#S20}
--------------

Animals were housed at AAALAC certified barrier facility at Florida International University. All procedures were reviewed and approved by the Institutional Animal Care and Use Committee at FIU and conducted in accordance with the National Academy of Science Guide for Care and Use of Laboratory Animals. C57BL/6 *Inpp4b*^*−/−*^ mice was kindly provided by Dr. Vacher (Institut De Recherches Cliniques De Montreal, Canada), and bred with FVB for at least three generations. Genotyping procedure was described in original publication ([@R45]). Two month old male mice were euthanized, weighed, their urogenital organs dissected and weighed, prior to RNA and protein extraction or formaldehyde fixation and paraffin embedding. In addition prostates of 374 days old males were fixed and used for histological analysis.

H&E and Immunohistochemistry (IHC) {#S21}
----------------------------------

Whole prostates were fixed in 4% formaldehyde (Electron Microscopy Sciences, Hatfield, PA) and embedded in paraffin. H&E staining was performed as previously described ([@R72]). Antigen was retrieved by heating slides in 0.01 M sodium citrate buffer (pH 6.0). Primary antibodies for INPP4B (Santa Cruz Biotechnology) or AR (Santa Cruz Biotechnology) were used at 1:800 dilution and sections were counterstained with hematoxylin (EMD Millipore). All images were acquired by AxioCam camera and were processed by AxioVision LE software (Zeiss).

### Statistical analysis {#S22}

Comparisons of mean levels of expression of specific mRNAs were done as previously described ([@R44]). Student t-tests were used to test for inequality of means from two independent samples sets, unless the normality assumptions about the data are violated, in which case the Welch's t test was used. P-values less than 0.05 were considered statistically significant. Values are presented as mean ± SEM. Gene expression analysis was done using Prism 7.0 software. Biological triplicates were used for every point in individual experiments for evaluating changes in gene expression in cell lines. All experiments were repeated at least three times, unless stated otherwise.

Supplementary Material {#SM1}
======================

**Financial support:** This work was supported by NCI grant R15 CA179287--01A1 (IUA), NCI grant P30CA125123 (CC), CPRIT grant RP150648 (NLW, CC), and CPRIT grant RP170005 (CC).

**Conflicts of interest:** The authors declare no potential conflicts of interest.

![Loss of INPP4B changes AR transcriptional activity.\
(A) Three dimensional rendering of INPP4B distribution. Cells were fixed and stained for INPP4B (white) and counterstained with DAPI (blue). (B) LNCaP cells were transfected with control (Ctrl) or two independent INPP4B specific siRNAs (INPP4B-1, INPP4B-2) for 48 hours in medium supplemented with FBS. Protein levels of AR, INPP4B, and tubulin were compared by Western blotting. (C) LNCaP cells were transfected as in (B). RNA was extracted and used in microarray analysis. Changes in gene expression were compared to AR regulated genes in LNCaP cells. (D) GSEA of INPP4B regulated genes using an AR transcriptional signature in LNCaP cells (GSE60721). (E-K). LNCaP cells were transfected with either control or INPP4B siRNAs for 48 hour intervals. Forty eight hours later cells were placed in medium supplemented with 10% CSS and treated with either vehicle (ethanol) or 0.1 nM R1881 for 24 hours as indicated. RNA was analyzed for expression of *INPP4B* (E), *KIAA1324* (F), *SYTL2* (G), *TARP* (H), *TMPRSS2* (I), *PSA* (J), and *NNMT* (K). Expression was normalized to *18S*. \*\* p \< 0.01, \*\*\* p \< 0.001.](nihms-1504983-f0001){#F1}

![Reciprocal regulation of AR-V7 and INPP4B.\
(A) LNCaP^AR-V7/pHage^ cells were placed in medium with 10% CSS or 10% TET FBS serum for 24 hours and treated with 50 ng/ml Dox or 1 nM R1881 as indicated for an additional 36 hours. Protein level of INPP4B, AR-FL, AR-V7, pAkt, pPKCβII, and tubulin were assessed by Western blotting. (B, C) LNCaP^AR-V7/pHage^ cells were transfected with control or INPP4B siRNA and treated with either vehicle or 25 ng/ml Dox for additional 24 hours. Gene expression of *INPP4B* (B) and *EDN2* (C) were analyzed by RT-qPCR using *18S* as a control. (D-I) LNCaP^AR-V7/pHage^ cells were transfected and treated as in B. RNA was analyzed for expression of *NNMT* (D), *PSA* (E), *TARP* (F), *TMPRSS2* (G), *KIAA1324* (H), and *SYTL2* (I).\*\*\* p \< 0.001.](nihms-1504983-f0002){#F2}

![INPP4B transcription is regulated by full length AR and FOXA1.\
LNCaP cells in 10% CSS were transfected with noncoding control or FOXA1 specific siRNA; cells were treated with R1881 after 24 hours. Cells were harvested after 48 hours and assayed for FOXA1 expression by western blotting (A), RNA isolated and assayed for *FKBP5* (B), *RASSF3* (C), and *INPP4B* (D). **(**E) A diagram of AR, FOXA1, and Pol2 recruitment and RNA-seq in LNCaP cells. (F-J) LNCaP^AR-V7/pHage^ cells were placed in medium with 10% CSS for 24 hours and treated with 50 ng/ml Dox or 10 nM R1881 overnight as indicated. Recruitment of AR-FL and AR-V7 to PSA enhancer (F), INPP4B intron 2 (G), INPP4B enhancer region (H), INPP4B transcription start site chr4:143522349 (I), and chr4:143514774 (J) were measured by ChIP-qPCR using Igg as control. \* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001.](nihms-1504983-f0003){#F3}

![Suppression of Akt and PKC signaling contributes to INPP4B regulation of AR transcriptional activity.\
(A) VCaP cells were transfected with control, INPP4B, or PTEN specific siRNAs. Expression levels of INPP4B, PTEN, pPKCζ, pPKCβII and β-tubulin were measured by Western blotting. (B) LNCaP cells were transfected with control or INPP4B siRNAs for 48 hours in medium supplemented with 10% FBS. Cellular lysates were assayed for INPP4B, pAkt, pPKCζ, pPKCβII and β-tubulin by Western blotting. (C) C4--2 cells were transfected and assayed in parallel with B. (D) LNCaP cells were plated in complete medium and treated with indicated inhibitors for 8 hours. Protein extracts were assayed for AR, INPP4B, pS6, and tubulin levels by Western blotting. (E-J) LNCaP cells were plated in medium supplemented with 10% CSS with either vehicle or 1 nM R1881. Twenty four hours later cells were treated with vehicle (DMSO), 5μM AZD5363, or 2 μM BIM-I for an additional 8 hours. In parallel, LNCaP cells were transfected with control or INPP4B siRNA for 48 hours in 10% CSS medium supplemented with 1 nM R1881. RNA was purified, reverse transcribed, and expression levels of AR regulated genes *PLA2G2A* (E), *KIAA1324* (F), *TARP* (G), *NNMT* (H), *TMPRSS2* (I) and *SYTL2* (J) compared by RT-qPCR. \*\* represents p \< 0.01; \*\*\* represents p \< 0.001.](nihms-1504983-f0004){#F4}

![Loss of INPP4B in mouse prostate activates PKC and Akt signaling without changing AR levels.\
(A) Prostates from 2 month old WT or *Inpp4b*^**−/−**^ males were stained with INPP4B antibodies and counterstained with hematoxylin. (B-C) RNA was extracted from prostates of WT (N=11) or *Inpp4b*^−/−^ (N=11) males and analyzed for expression of *Inpp4b* (B) and *Ar* (C) by RT-qPCR. (D) Slides from A were stained with AR antibody and counterstained with hematoxylin. (E) Anterior (AP), dorsolateral (DLP), and ventral (VP) prostate lobes from WT or *Inpp4b*^**−/−**^ males were analyzed for AR, total PTEN, pPTEN, pPKCζ, pPKCβII, pAkt, total Akt, and tubulin levels by Western blotting.](nihms-1504983-f0005){#F5}

![INPP4B is required for optimal expression of a subset of AR target genes in mouse prostate.\
Whole prostates were dissected from 2 month old WT (N=11) and *Inpp4b*^**−/−**^ (N=11) males and expression levels of *Apof* (A)*, Nkx 3.1* (B)*, Msmb* (C)*, Pten* (D)*, Pbsn* (E) and *Clu* (F) were compared by RT-qPCR. (G) Histology of a 1 year old WT mouse prostate. (H-J) Examples of histology of 1 year old *Inpp4b*^*−/−*^ mouse prostate. Examples of major HG PIN architectural patterns are shown: tufting (H), micropapillary structures lacking fibrovascular core (I), and cribriform formations (J). \* p \< 0.05, \*\* p \< 0.01](nihms-1504983-f0006){#F6}

![INPP4B loss activates Akt and PKC signaling and leads to resistance of castration therapies.\
Loss of INPP4B activity in primary prostate cancer ([@R3]) leads to accumulation of its substrates PI([@R3],[@R4])P2 and PI([@R4],[@R5])P2 which activate Akt and PKC respectively. Activation of Akt and PKC kinases increase phosphorylation of both full length AR and AR splice variants stimulating their nuclear translocation, transcriptional activation and reprogramming, and ligand-independent transcriptional activity. Castration elevates levels of AR splice variants ([@R73]) and decreases androgen-dependent INPP4B expression ([@R74]), further activating Akt and PKC signaling pathways and leading to resistance to castration therapies. Unlike full length AR, AR-V7 is unable to induce INPP4B expression and may interfere with androgen dependent induction of INPP4B expression](nihms-1504983-f0007){#F7}
